1. Introduction {#s0005}
===============

Adjuvants play a critical role in initiating, maximizing and prolonging the immunogenicity, and thereby efficacy, of many vaccines. For most of the last 90 years, aluminum salts (alum) were the only routinely used human adjuvants. Recently, limited additional adjuvant formulations including squalene oil emulsions and the combination of alum with monophosphoryl lipid A have been licensed for human use. Suitable adjuvants should ideally be selected based on desired vaccine properties including the type of immune response best correlated with pathogen protection. Unfortunately the paucity of adjuvants currently approved for human use limits the ability to fine-tune vaccine immune responses, leaving an urgent need for development of different types of adjuvant.

Pathogen recognition receptors (PRRs) such as Toll-like receptor (TLRs), Nod-like receptors (NLRs) or inflammasome receptors targeted adjuvants result in inflammatory cytokine and type I interferon (IFN) production and upregulation of co-stimulatory molecules on antigen presenting cells (APCs) ([@bb0155]). Pathogen-associated molecular patterns (PAMPs) such as microbial nucleic acids, glycolipids or proteins contained in vaccines function as endogenous built-in adjuvants that trigger innate immune responses and consequently shape the type of adaptive immune response induced by a particular antigen ([@bb0030]). For example, viral RNA in influenza WV vaccine activates TLR7 and thereby induces a Th1-biased response to influenza inactivated whole virion (WV) antigens ([@bb0050], [@bb0115]).

Advax is a microparticle polysaccharide adjuvant in which its microparticles are derived from microparticles of polyfructofuranosyl-[d]{.smallcaps}-glucose (delta inulin). It has been shown to improve the immunogenicity and efficacy of a wide variety of vaccines including against influenza, hepatitis B, Japanese encephalitis, West Nile virus, Human immunodeficiency virus, anthrax and Listeria ([@bb0035], [@bb0045], [@bb0095], [@bb0125], [@bb0170], [@bb0175], [@bb0180]). Vaccines containing Advax adjuvant have already been evaluated in human clinical trials, including hepatitis B, influenza and insect-sting allergy vaccines ([@bb0065], [@bb0090], [@bb0145]).

Although these clinical trials have shown superior immunogenicity and excellent tolerability of Advax-adjuvanted vaccines, the mechanism of action of Advax remains unknown. In this study, we examined the adjuvant effect of Advax with various different vaccine antigens. Unexpectedly, Advax, unlike alum and TLR agonists, did not impart bias to the immune response against the co-administered antigen. Instead, intriguingly, Advax enhanced the immune bias imparted by the vaccine antigen itself, suggesting that Advax functions as an amplifier of in-built adjuvant activity contained within the antigens themselves.

To further explore the mode of action of Advax, the biological properties of Advax itself were examined *in vitro* and *in vivo*. This data suggested that phagocytic macrophages are one of the adjuvanticity mediators of Advax and tumor necrosis factor (TNF)-α signaling pathway is important for the adjuvant activity.

2. Materials & Methods {#s0010}
======================

2.1. Mice {#s0015}
---------

Six-week-old female (for all animal experiment except microarray analysis) or male (for microarray analysis) C57BL/6J mice were purchased from CLEA Japan. *Tlr7*^−/−^ or *Il-1r*^−/−^ mice were purchased from Oriental BioService and the Jackson Laboratory, respectively. *Card9*^−/−^ ([@bb0075]), *Fcrg*^−/−^ ([@bb0015]) or *Dap12*^−/−^ ([@bb0195]) mice were kindly donated by Dr. Hara, Dr. Saito or Dr. Takai, respectively. *Tnfa*^−/−^ mice were described previously ([@bb0130]). All animal experiments were approved by the Institutional Animal Care and Use Committee, and performed in accordance with institutional guidelines for the National Institute of Biomedical Innovation, Health and Nutrition animal facility. Mice were monitored at least once daily by technical staff members who were blinded to the study aims.

2.2. Antigens, Antibodies, Adjuvants and Peptides {#s0020}
-------------------------------------------------

Ovalbumin was purchased from Seikagaku-kogyo. SV and inactivated WV derived from A/New Caledonia/20/99 strain were a gift from the Institute of Microbial Chemistry (Osaka, Japan). CpG-ODN (5′-ATCGACTCTCGAGCGTTCTC-3′) was synthesized by GeneDesign (Osaka, Japan). CpG-SPG was prepared as previously reported ([@bb0110]). Alum (A8222) was purchased from Sigma. Advax and hepatitis B surface antigen (HBs) were provided by Vaxine Pty Ltd. LPS was purchased from Sigma. MHC Class I (ASNENMETM) and class II (ARSALILRGSVAHKSCLPACVYGP) epitope peptides of nucleoprotein were synthesized by Operon Biotechnologies. Cytokine ELISA kits for IFN-γ (DY485), IL-13 (DY413), IL-17 (DY421), TNF-α (DY410) and IL-1β (DY401) were purchased from R&D Systems.

2.3. Immunizations {#s0025}
------------------

C57BL/6J mice were immunized twice either intramuscularly (i.m.) or i.d. with 2 week intervals (days 0 and 14). For antigen-specific ELISA, blood samples were taken on days 14 and 28. During vaccination and bleeding, mice were anesthetized with ketamine. Alum-adjuvanted antigen was rotated for more than 1 h before immunization. Advax, alum or CpG-SPG was used for immunization at 1 mg per mouse, 0.67 mg per mouse or 10 μg per mouse, respectively. Control group was administered saline.

2.4. Antibody Titers {#s0030}
--------------------

For ELISA, 96-well plates were coated with 1 μg/mL SV in carbonate buffer (pH 9.6) for SV- and WV-vaccinated groups, 10 μg/mL OVA for OVA-vaccinated groups, and 1 μg/mL HBs for HBs-vaccinated groups. Wells were blocked with PBS containing 1% bovine serum albumin and diluted sera from immunized mice were incubated on the antigen-coated plate. After washing, goat anti-mouse total IgG, IgG1 or IgG2c conjugated with horseradish peroxidase (Southern Biotech) were added and incubated for 1 h at room temperature. After additional washing, the plates were incubated with TMB substrate for 30 min, the reaction was stopped with 1 N H~2~SO~4~ and then the absorbance was measured. Antibody titers were calculated. OD of 0.2 was set as the cut-off value for positive samples. The concentration of total IgE in serum was measured by a total IgE ELISA kit (Bethyl, E90-115).

2.5. Measurement of Antigen-specific Cytokine Responses {#s0035}
-------------------------------------------------------

Two weeks after the second immunization, spleens were collected from mice and 1 × 10^6^ splenocytes were plated on 96-well plates and stimulated with 20 μg/mL MHC class I or II epitope peptides of nucleoprotein for 2 days. After the stimulation, IFN-γ, IL-13 and IL-17 in supernatant were measured by cytokine ELISA kits.

2.6. Cytokine Production Profile {#s0040}
--------------------------------

Several time points after i.p. injection of adjuvant, mice were sacrificed and peritoneal lavage fluids were collected. The cytokines in the fluids were measured by Bio-plex (BioRad, M60009RDPD).

2.7. Activation of DCs {#s0045}
----------------------

For *in vitro* experiments, bone marrow-derived DCs were generated by cultivation of bone marrow cells in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 1% Penicillin/Streptomycin solution (NaclaiTesque) and 100 ng/mL of human fms-like tyrosine kinase 3 ligand (Flt3L) (PeproTech, 300-19) for 7 days, stimulated with 1 mg/mL alum, 1 mg/mL Advax or 50 ng/mL LPS (Sigma) for 15 h and then CD40 expression on plasmacytoid DCs (pDCs) was evaluated by FACS. We defined pDC as CD11c^+^/SiglecH^+^ cells and cDC as CD11c^+^/SiglecH^−^ cells.

*In vivo* experiments performed as described previously ([@bb0110]). Briefly, C57BL/6J mice were injected with 0.67 mg alum, 1 mg Advax or 50 ng LPS at the base of tail. Twenty-four hours after the injection, draining lymph nodes were removed, treated with DNaseI and collagenase for 30 min, stained with anti-mCD11c (eBioscience clone N418), mCD8α (eBioscience clone 56-6.7), mPDCA-1 (eBioscience clone JF05-1C2.4.1), mCD40 (eBioscience clone 3/23) antibodies and 7AAD (BioLegend, 420,404) and analyzed by FACS. We defined pDC as CD11c^+^/mPDCA-1^+^ cells, CD8α^+^ DC as CD11c^+^/CD8α^+^ cells and CD8α^−^ DC as CD11c^+^/CD8α^−^/mPDCA-1^−^ cells.

2.8. *In Vitro* Stimulation of Macrophages and GM-DCs {#s0050}
-----------------------------------------------------

For macrophage preparation, mice were i.p. injected with 3 mL of 4% (w/v) thioglycolate (Sigma) solution. Four days later, macrophages were collected from the peritoneal cavity and plated on 96-well plates. Macrophages were primed with 50 ng/mL LPS for 18 h, and stimulated with adjuvants for 8 h. IL-1β in supernatants was measured by ELISA. TNF-α in supernatants was measured by ELISA after stimulation with Advax or alum without priming by LPS.

For GM-DC preparation, mouse bone marrow cells were cultured in RPMI 1640 supplemented with 10% FBS, 1% Penicillin/Streptomycin solution and 20 ng/mL mouse GM-CSF (PeproTech, 315-03) for 7 days. GM-DCs were collected, plated on 96-well plates, primed with 50 ng/mL LPS for 18 h and then stimulated with adjuvants for 8 h. IL-1β in supernatants was measured by ELISA.

2.9. Two Photon Microscopy Analysis {#s0055}
-----------------------------------

Biotinylated delta inulin particles (1 mg) were pre-mixed with Brilliant Violet 421 Streptavidin (BioLegend, 405225), and then administered i.d. at the tail base of mice. At 30 min before inguinal LN removal, mice were i.d. administered anti-MARCO-phycoerythrin (AbD Serotec clone ED31) or anti-CD169-FITC (BioLegend clone 3D6.112) antibodies. Distributions of Advax particles in the inguinal lymph nodes were examined by two-photon excitation microscopy (FV1000MPE; Olympus, Tokyo, Japan) with Olympus XLPLN25XWMP objective lens (water immersed; numerical aperture, 1.05).

2.10. Clodronate Liposome Injection {#s0060}
-----------------------------------

Mice were administered 100 μL clodronate liposome (FormMax, F70101C-A) to the base of the tail either 7 or 2 days before immunization. Mice were immunized with WV (1.5 μg) plus adjuvant at the base of the tail on days 0 and 14. Of note, -d2 clodronate treatment depleted both macrophages and DCs at d0. -d7 treatment depleted macrophages but DCs were already recovered at d0. Blood samples were taken on days 14 and 28, and serum antibody titers were measured by ELISA.

2.11. Microarray Analysis {#s0065}
-------------------------

Six hours after administration of 1 mg Advax, the spleen, lung, kidney, lymph node and liver were removed (*n* = 3), and total RNAs were extracted as described previously ([@bb0160]). After total RNA preparation, the gene expression profiles were obtained using 3′ IVT Express Kit and GeneChip Mouse Genome 430 2.0 Array (Affymetrix, 900496). The expression values were normalized by the median value of each GeneChip. The resulting digital image files were preprocessed using the Affymetrix Microarray Suite version 5.0 algorithm (MAS5.0). The differential expression with *P*-values by using *t*-test was computed as the ratio between the mean of the treated samples and control samples. Further customization of the PA (presence and absence) call in MAS5.0 ([@bb0165]) was done as follows. When the ratio is \> 1, the PA call is determined by the dominant call of the treated samples. When the ratio is \< 1 or = 1, the call is determined by the dominant call of the control vehicle samples. Dominant calls (over half) were applied to a set of samples (*e*.*g*. when the ratio \< 1 and PA call of control samples are "P", "P", and "A", then the customized PA call of the set is "1"). The MAS5.0 and PA calls analysis were conducted using the Bioconductor Affy package for R (<http://www.bioconductor.org>). For subsequent analyses, we only included probes where the fold-change between control and stimulated samples was \> 2. We excluded probes that were Absent-flagged - *i*.*e*. the customized PA call is "0". The data discussed in this publication have been deposited in NCBI\'s Gene Expression Omnibus ([@bb9000]) and are accessible through GEO Series accession number GSE89249 (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE89249>).

2.12. Cell Population Analysis {#s0070}
------------------------------

The cell population analysis was carried out as follows. We obtained the gene expression profile of various immune cell types from a steady state condition directly from the ImmGen database (<http://www.immgen.org>/). These expression profiles were used to estimate the cell type origin of the genes. We began by weighting each gene (*i*) in all ten immune cell types (*j*):$$\omega_{\mathit{ij}} = \frac{\mathbf{e}_{\mathbf{ij}}}{\sum_{\mathbf{j} = 1}^{10}\mathbf{e}_{\mathbf{ij}}}$$

We assumed that the weight of a cell type of a given gene depended only on the expression level of that gene in that particular cell type independent from the expression in other cell types.

Given the expression profile of each adjuvant sample, we determined the genes based on the fold change (FC \> 2), and PA-call threshold (PA = 1). Finally the cell type contribution for sample (*k*) for cell type (*j*) was calculated as:$$S_{\mathit{jk}} = \frac{\sum_{i}S_{\mathit{ik}}\omega_{\mathit{ij}}}{\sum_{i}S_{i}\omega_{\mathit{ij}} + C}$$where *c* is the pseudocount. In [Fig. 6](#f0030){ref-type="fig"}b, the above score is represented as the thickness of the ribbon.

2.13. Upstream Regulator Analysis in IPA {#s0075}
----------------------------------------

We performed upstream analysis using the IPA Regulator Effects feature by Ingenuity Pathways Analysis (Ingenuity® Systems, <http://www.ingenuity.com>). The main purpose was to elucidate the upstream regulatory mechanism and their connection to downstream functional impact. For this analysis we selected genes with fa old change \> 2 and PA-call = 1. Finally we reported networks with a *P*-value \< 0.001.

2.14. Statistical Analysis {#s0080}
--------------------------

Statistical analyses were performed by GraphPad Prism 5.02. Statistical significance (*P* \< 0.05) between groups was determined by Dunnett\'s Multiple comparison test or Student *t*-test.

3. Results {#s0085}
==========

3.1. Advax Adjuvant Enhances Th2 Responses When Combined With a Th2-type Antigen {#s0090}
--------------------------------------------------------------------------------

To understand the adjuvant effect of Advax, we initially examined immune responses in mice immunized with Advax plus influenza split vaccine (SV), an antigen previously shown to elicit Th2 immune responses ([@bb0105]). SV immunization alone elicited IgG1 production (a Th2-type IgG subclass) and at higher immunization doses induced IL-13 (Th2-type cytokine) production, consistent with it being a Th2-inducing antigen ([Figs. 1](#f0005){ref-type="fig"}a--c and S1a--c). The addition of Advax to SV enhanced IgG1 but not IgG2c antibody production, at lower (0.015 and 0.15 μg) antigen doses with significant enhancement not observed at the higher antigen dose ([Fig. 1](#f0005){ref-type="fig"}a--c). Alum, a typical Th2 type adjuvant commonly used for human vaccination also enhanced a IgG1 dominant antibody responses at the lower antigen (0.15 μg) dose. Hence Advax, similarly to alum, induced a Th2 response to SV antigen. Alum is also known to induce IgE production, potentially increasing the risk of vaccine allergy ([@bb0150]). Therefore, in serum IgE-levels in sera were measured after SV immunization with either Advax or alum. Whereas alum significantly increased IgE production in a dose-dependent manner, Advax did not induce IgE production ([Fig. 1](#f0005){ref-type="fig"}d), consistent with Advax only magnifying the antibody subtype response induced by the SV alone.

T-cell responses were examined by stimulating splenocytes from immunized mice with MHC class I (CD8 T cell) or class II (CD4 T cell) peptides from the influenza virus nucleoprotein. Interestingly, the effect of Advax to enhance IgG1 subclass antibody production was not associated with increased CD4 T cell IL-13 production, which was not significantly different to SV-alone control mice. By contrast, use of alum adjuvant was associated significantly increased CD4 T cell IL-13 production ([Fig. 1](#f0005){ref-type="fig"}e--g). These results demonstrated that while Advax enhanced Th2-type antibody response when combined with SV, unlike alum, this was not associated with increased IL-13 or IgE.

3.2. Advax Adjuvant Enhances Th1 Responses When Combined With a Th1-type Antigen {#s0095}
--------------------------------------------------------------------------------

Next, we examined immune responses in mice immunized with inactivated whole virion influenza vaccine (WV) plus either Advax or alum. WV antigen contains viral RNA that induces TLR7 activation and thereby acts as an endogenous adjuvant that induces Th1 responses ([@bb0050], [@bb0115]). When combined with WV, Advax adjuvant only enhanced IgG2c (Th1-type subclass) production with minimal effects on IgG1 production, whereas alum suppressed the WV-induced IgG2c response and significantly increased IgG1 levels ([Fig. 2](#f0010){ref-type="fig"}a--d). At the cytokine level, immunization with Advax enhanced IFN-γ (Th1-type cytokine) production by antigen-stimulated CD4 and CD8 T cells when compared to mice immunized with WV alone. By contrast, immunization with alum suppressed IFN-γ production, while significantly increasing IL-13 production by CD4 T cells ([Fig. 2](#f0010){ref-type="fig"}e--g). These results demonstrated that Advax functioned as a Th2 adjuvant when combined with SV but a Th1-type adjuvant when combined with WV. By contrast, alum functioned as a Th2-type adjuvant for both SV and WV antigens.

3.3. Advax Adjuvant Effect Is Shaped by Endogenous Adjuvant in the Vaccine Antigen {#s0100}
----------------------------------------------------------------------------------

The above findings indicated that whereas the combination of Advax with a Th2-type antigen enhanced Th2 immunity, its combination with a Th1-type antigen enhanced Th1 immunity. This led us to hypothesize that the adjuvant effect of Advax might be mediated by an effect on potentiating the inherent adjuvant property encapsulated within each antigen. By contrast, other adjuvants have a fixed immune bias effect whereby, for example, alum biases to Th2 responses and CpG-ODN to Th1 responses, regardless of the innate properties of the antigen with which they are co-administered. To test this hypothesis, we examined the adjuvant effect of Advax on ovalbumin (OVA) antigen, which is considered a neutral Th0-type antigen. Interestingly, Advax failed to enhance the OVA-specific antibody response whereas alum, as expected, solely enhanced IgG1 production ([Figs. 3](#f0015){ref-type="fig"}a, S2a and b).

It has previously been shown that the endogenous built-in adjuvant effect of WV was abolished in *Tlr7*-deficient mice, establishing the importance of TLR7 signaling in WV immunogenicity ([@bb0050], [@bb0115]). Thus, we tested the adjuvant effect of Advax on WV in *Tlr7*-deficient mice. Notably, the enhanced WV-antibody response seen with Advax in wild type mice was lost in *Tlr7*-deficient mice, whereas the enhanced IgG1 response induced by alum was preserved in *Tlr7*-deficient mice ([Figs. 3](#f0015){ref-type="fig"}b, S2c and d). Taken together, these findings suggest that Advax belongs to an additional not previously described class of adjuvant that functions as an amplifier of endogenous built-in adjuvants contained within vaccine antigens without changing their inherent immune-polarizing properties.

3.4. Advax Adjuvant Activates Dendritic Cells *In vivo* but Not *In vitro* {#s0105}
--------------------------------------------------------------------------

Because Advax\'s adjuvant effect is shaped by co-administered vaccine antigen, the basic biological effect of Advax itself without antigen was examined *in vitro* and *in vivo*. Since dendritic cells (DCs) play a central role in adjuvant-induced immune responses, we first investigated the ability of Advax to activate DCs, *in vitro* and *in vivo*. Mouse bone marrow-derived DCs were stimulated with Advax, alum or lipopolysaccharide (LPS) for 15 h *in vitro* and the expression of CD40, an activation marker on DCs, was evaluated by flow cytometry. Whereas LPS as expected increased CD40 expression on pDCs and cDCs *in vitro*, neither Advax nor alum influenced CD40 expression on both DC populations ([Figs. 4](#f0020){ref-type="fig"}a--c and S3a--c). Next we examined the ability of Advax or alum to activate DC CD40 expression, *in vivo*, by measuring CD40 expression on DCs from draining lymph nodes following local adjuvant administration. In contrast to the *in vitro* findings, both Advax and alum when administered *in vivo* increased the frequency of activated pDCs in draining lymph nodes ([Fig. 4](#f0020){ref-type="fig"}d--f). Notably, adjuvant dependent activation of CD8α^+^ DCs and CD8α^−^ DCs were not observed in all adjuvants we tested by this evaluation method (Fig. S4a--f). Effect of adjuvants on CD86 expressions on all DCs populations (pDC, CD8α^+^ DCs and CD8α^−^ DCs) were similar to effects on CD40 expression (data not shown). These results suggested that Advax activates dendritic cells *in vivo* by a so far unidentified mechanism that is not a direct effect of Advax on DC themselves as indicated by the lack of *in vitro* effect.

Alum-induced DC activation *in vivo* but not *in vitro* can potentially be explained by alum\'s effect to induces cell death at the injection site thereby resulting in release of extracellular DNA ([@bb0130]) that then activate DAMP receptors on DCs. We therefore asked whether Advax might similarly induce cell death at the injection site and thereby indirectly activate DCs *via* DAMP receptors. To test this possibility, cytotoxicity and host DNA/RNA release at the injection site of Advax or alum were evaluated *in vivo*. After the intraperitoneal (i.p.) administration of Advax or alum, peritoneal lavage fluids were collected, and the number of dead cells and the concentration of DNA/RNA in these fluids were measured. Whereas alum induced cell death and nucleic acid release as expected, injection of Advax induced no cytotoxicity or nucleic acid release, indicating that DAMP signaling pathways are not involved in the ability of Advax to induce DC activation and CD40 or CD86 expression, *in vivo* (data not shown).

3.5. Phagocytic Macrophages Are Cellular Mediators of the Adjuvant Effect of Advax {#s0110}
----------------------------------------------------------------------------------

Although the immune complexes of inactivated influenza virus are captured by CD169^+^ (also called Siglec-1 or MOMA-1) macrophages in draining lymph nodes (DLNs) to induce humoral immune responses ([@bb0060], [@bb0190]), some particulate adjuvants are efficiently taken up by MARCO^+^ macrophages ([@bb0010], [@bb0110]). Thus, the behavior of Advax in DLN was analyzed *in vivo* using fluorescent-labeled Advax particles. One hour after intradermal (i.d.) administration, a weak Advax signal co-localized with MARCO^+^ macrophages in the DLN, with this co-localization signal being much higher 24 h later. Almost no co-localization of Advax with CD169^+^ macrophages was observed in the DLN ([Fig. 5](#f0025){ref-type="fig"}a--f), suggesting i.d. administered Advax is taken up by MARCO^+^ macrophages. Next, to investigate the requirement of Advax uptake into macrophages for its adjuvant effect, we utilized the different recovery kinetics of macrophages and DCs following clodronate liposome injection. This depletes both macrophages and DCs completely by day 2 but subsequently, macrophages do not recover for at least 7 days whereas DCs are mostly recovered by this time ([@bb0005], [@bb0110]). Interestingly, the adjuvant effect of Advax was significantly reduced with clodronate liposome treatment, irrespective of the time point tested (d2 or d7) ([Fig. 5](#f0025){ref-type="fig"}g and h), suggesting Advax adjuvanticity is dependent on the presence of macrophages. By contrast, the adjuvanticity of CpG-SPG was significantly reduced d2 post-clodronate treatment but not at d7, indicating that the adjuvanticity of CpG-SPG was mostly dependent on DCs but not macrophages, as previously reported ([@bb0110]).

3.6. Advax Alters the Gene Expression of IL-1β-, C-type Lectin Receptors- and TNF-α-related Signaling Pathways {#s0115}
--------------------------------------------------------------------------------------------------------------

To understand the biological properties of Advax, its effect on cytokine production *in vivo* was investigated. At several time points after i.p. administration of Advax or alum, peritoneal lavage fluids were collected, and cytokines in the fluids were analyzed. Alum induced the production of various cytokines including interleukin (IL)-5, IL-10, IL-12, TNF-α, and granulocyte-colony stimulating factor (G-CSF) (Fig. S5a), whereas only a very limited cytokine response involving IL-10, G-CSF and macrophage inflammatory protein (MIP)-1 was observed after Advax administration (Fig. S5b).

To further explore the predominated biological effect of Advax *in vivo*, gene expression profiles were examined in tissues after local (i.d.) or systemic (i.p.) administration of Advax. Advax administration *via* i.d. route conferred limited gene expression changes, whereas i.p. administration altered gene expression in several tissues ([Fig. 6](#f0030){ref-type="fig"}a). Administration of Advax *via* i.p. route resulted in differential gene expressions in the liver and spleen at 6 h post-injection associated with the acute phase response, inflammation, chemokines, complement/platelet, and C-type lectin receptor (CLRs)-related responses. Furthermore, analysis of the cell populations corresponding to the differentially regulated genes suggested that Advax activated genes expressed by neutrophils and macrophages *in vivo* ([Fig. 6](#f0030){ref-type="fig"}b). Additionally, upstream regulator analysis in ingenuity pathway analysis (IPA) suggested that four upstream regulators: NF-κB (complex), IL-1β, IFN-γ, and TNF-α were affected by i.p. administration of Advax. This in turn drives the expression of genes that enhance phagocyte adhesion, neutrophil chemotaxis and movement of hematopoietic and natural killer cells ([Fig. 6](#f0030){ref-type="fig"}c). Given the short time frame for these gene effects, and the tissue resident nature of Advax inulin particles, these gene effects in liver and spleen possibly represent the indirect effects mediated by soluble signals released from Advax-stimulated cells in the peritoneum.

To identify the signaling pathway related to the adjuvant effect of Advax, we examine the contribution of these biological factors to the adjuvanticity. We first examined the ability of Advax to induce IL-1β production. Peritoneal macrophages or granulocyte-macrophage colony stimulating factor (GM-CSF)--induced bone marrow-derived DCs (GM-DCs) were stimulated with Advax or alum following LPS-priming, and then IL-1β production was examined. However IL-1β production was not detected in these cells stimulated with Advax *in vitro*, whereas alum significantly induced IL-1β production (Fig. S6a and b). Because some particulate adjuvants require NLRP3 inflammasome activation and subsequent IL-1β production for their adjuvanticity ([@bb0040], [@bb0120]), the effect on Advax adjuvanticity of the absence of the NLPR3 inflammasome components, *Nlrp3*, *Caspase1*, or *IL-1r* was examined *in vivo* using knockout mice. Advax conferred significant adjuvant effects in each of these NLPR3 inflammasome deficient mice (Fig. S7a--i), indicating the adjuvant effect of Advax is independent of the NLPR3 inflammasome/ IL-1β signaling pathway. Next, to examine the involvement of CLR-related signaling pathways in Advax adjuvanticity, its adjuvant effect was examined in mice lacking the CLRs signaling pathway genes, *Fcrg*^−/−^, *Card9*^−/−^, or *Dap12*^−/−^. Absence of these genes did not affect the ability of Advax to enhance antibody responses (Fig. S8a--i), indicating Advax\'s adjuvant effect is independent of these CLR-related signaling pathways.

3.7. TNF-α Is Essential for the Adjuvant Effect of Advax {#s0120}
--------------------------------------------------------

Gene expression analysis indicated that i.p. administration of Advax affected TNF-α-related signaling pathways ([Fig. 6](#f0030){ref-type="fig"}c). We thus examined the ability of Advax to generate TNF-α production. Macrophages were stimulated with Advax *in vitro* and TNF-α measured in the culture supernatant. Advax did not induce TNF-α production whereas stimulation with alum significantly induced macrophage TNF-α production *in vitro* ([Fig. 7](#f0035){ref-type="fig"}a). However, i.p. injection of Advax did result in significantly increased serum TNF-α levels ([Fig. 7](#f0035){ref-type="fig"}b), whereas, paradoxically, i.p. alum did not affect serum TNF-α levels. Because i.p. injection of Advax influenced gene expression including TNF-α-signaling pathway-related genes in remote tissues such as the lung and spleen ([Fig. 6](#f0030){ref-type="fig"}a and b), this suggests that TNF-α in the serum might be derived from these tissues. Finally, to examine the role of TNF-α in Advax\'s adjuvant effect, *Tnfa*^−/−^ mice were immunized with Advax-adjuvanted WV or hepatitis B surface antigen, and the resulting antibody responses were examined ([Figs. 7](#f0035){ref-type="fig"}c--e and S9a--c, respectively). The absence of *Tnfa* significantly decreased the adjuvant effect of Advax on antibody responses, suggesting that intact TNF-α signaling is important for Advax\'s adjuvant effect on antibody responses.

4. Discussion {#s0125}
=============

Various particles, such as aluminum salts (alum), poly (lactic-*co*-glycolic acid) (PLGA) or polystyrene particles, function as vaccine adjuvants ([@bb0070], [@bb0140], [@bb0185]). Antigen loaded on these particles is efficiently taken up by APCs, such as DCs and macrophages, followed by the induction of antigen-specific immune responses ([@bb0200]). In addition, antigen-loaded particles also function as an antigen reservoir by the depot effect ([@bb0055]). Size, surface charge, surface hydrophilicity/lipophilicity and antigen-adjuvant binding strength have all been demonstrated to be important for the adjuvant effect of particles ([@bb0080], [@bb0200]). Advax is a microparticle adjuvant comprised of delta inulin particles but unlike other particle adjuvants it does not require adsorption with an antigen to mediate its effects, since it still provides an adjuvant effect when administered 24 h prior to administration of the antigen ([@bb0180]). By contrast, the typical particulate adjuvant, alum, lost its adjuvant effects when not co-administered with the antigen ([@bb0180]). Hence, given the lack of evidence of an antigen binding or depot effect this leaves unanswered the mechanism by which Advax has its adjuvant effect on protein antigens. Hence the current study further provides important new insights into Advax\'s physiological properties, including contrasting differences between Advax and alum adjuvants. As shown, the combination of Advax with either Th2- or Th1-type antigens enhanced Th2 or Th1 responses, respectively ([Figs. 1](#f0005){ref-type="fig"}a--g and [2](#f0010){ref-type="fig"}a--g); whereas its combination with OVA, a Th0-type antigen did not enhance the OVA-specific immune response ([Figs. 3](#f0015){ref-type="fig"}a, b and S2a--d). Interestingly, despite enhancing the Th2 response to SV, Advax, unlike alum, did not induce T-cell IL13 production or antigen-specific IgE. This is an important finding as it would suggest that Advax should be safer than alum in respect of the risk of induction of vaccine allergies in immunized subjects. Indeed, Advax has recently been shown in allergic human subjects to be useful for accelerating allergy desensitization therapy ([@bb0090]). It has been reported that when combined with some antigens, Advax also induces modest IL-17 production ([@bb0180]), suggesting a Th17 response is also inducible by Advax according to the in-built adjuvant properties of the antigen. By contrast, alum induces Th2 immune responses regardless of the property of the antigen co-administered and other adjuvants such as poly (I:C) or CpG-ODN consistently induce a Th1 response ([@bb0020]). These results suggest that Advax potentiates the inherent immune properties of each antigen.

Although it is very interesting that Advax provides different immune response depending on the type of antigen, this feature makes it difficult to analyze Advax in the presence of antigen. In order to exclude potential confounding immune effects of antigen in-built adjuvants, we examined Advax\'s basic biological effects without antigen. Both Advax and alum activate DCs *in vivo*, but not *in vitro*, suggesting these adjuvants both indirectly activate DCs. However Advax, by contrast with alum, did not induce any cytotoxicity or DNA release at the injection site, suggesting that Advax indirectly activates DCs through a DAMP-independent mechanism. These results are consistent with previous studies that Advax has extremely low local and systemic reactogenicity in animals and humans ([@bb0095]). Phagocytic clodronate-ingesting macrophages appear indispensable for Advax\'s adjuvant effect ([Fig. 5](#f0025){ref-type="fig"}a--h), with loss of its effects when these cells were depleted by clodronate-loaded liposomes. The exact mechanisms of phagocytic macrophages dependency of Advax\'s adjuvant effect need to be determined. To what extent this loss of effect is due to lack of antigen presentation in the absence of these phagocytes and to what extent loss of a critical effector population involved in Advax signaling is not yet known. For example, soluble factors secreted by primary phagocytic macrophages that interact with Advax may be responsible for indirect DCs activation by Advax, as well as for the remote effects on gene expression in cells in liver and spleen seen 6 h after Advax i.p. injection.

Despite delta inulin being a semi-crystalline material ([@bb0025]), unlike other particle/crystalline adjuvants ([@bb0100]), Advax does not induce IL-1β production from macrophages and DCs *in vitro* (Fig. S6a and b), and Advax\'s adjuvant action was IL-1 and inflammasome-independent as confirmed using a variety of gene knockout mice (Fig. S7a--i). While, this study did not fully clarify the exact mechanism of action of Advax, it showed that TNF-α pathways play a role in its adjuvant effect ([Figs. 7](#f0035){ref-type="fig"}c--e and S9a--c). As alum also required intact TNF-α signaling for its full adjuvant effect ([Fig. 7](#f0035){ref-type="fig"}c--e), TNF-α might be commonly required for particulate adjuvant action, especially on the antibody responses ([@bb0135]). However, we have reported that the adjuvant activity of Endocine, a lipid-based mucosal adjuvant, was independent of TNF-α signaling ([@bb0085]) suggesting that TNF-α signaling is distinctively involved in a certain type of adjuvant effect. We expect that in addition to TNF-α, many other factors are possibly required for Advax\'s adjuvant effect. Upstream regulator analysis in IPA suggested that NF-κB or IFN-γ-related signal pathways potentially play a role in Advax\'s effects ([Fig. 6](#f0030){ref-type="fig"}c) and there is consequently a possibility that these signaling pathways may coordinate with TNF-α signaling to mediate Advax\'s adjuvant effects.

Adjuvants can be categorized as delivery systems (such as alum, Incomplete Freund\'s Adjuvant, and MF59) or innate immune receptor agonists (many PAMPs adjuvants). In this study, we demonstrated that Advax belongs to additional class of vaccine adjuvant, as its effects do not allow it to be simply categorized into existing adjuvant classes. For example, typical currently known delivery system and PAMPs adjuvants usually showed adjuvant effects on pure (endotoxin free) OVA antigen. However, Advax did not show any adjuvant effect on pure OVA antigen, suggesting Advax is not a typical currently known delivery system adjuvant. On the other hand, our results clearly showed that Advax has the ability to induce DC activation *in vivo*, but without inducing local cell death and release of DAMPs such as DNA. This suggests that Advax works through yet to be identified receptors, *in vivo*, possibly *via* local resident phagocytic macrophages. Interestingly, Advax\'s adjuvanticity is not affected by the administration routes, being equally effective when administered i.m. ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}), i.d. (Figs. S7a--f and S9), or i.p. (data not shown) routes. This may suggest that Advax works through common mechanisms shared by local macrophages and DCs at different injection sites.

In conclusion, our study showed that Advax induces distinct immune response depending on the built-in adjuvant in vaccine antigen. This result also suggested that unlike typical PAMP adjuvants which directly activate DCs, Advax may indirectly activate DCs through phagocytic macrophages with which it interacts at the injection site and DLN, resulting in secretion of soluble signals that are transduced to remote lymphoid tissues. *In vivo* gene expression analysis and knockout mouse studies suggested that TNF-α signaling is involved in Advax adjuvant action, although exactly how and where is still not known. Further study is required to identify the exact receptor(s) and molecule(s) that mediate Advax\'s adjuvant activity, for understanding more detailed mechanisms of action of Advax.
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![Advax induces Th2 responses when combined with a Th2-type antigen. (a-d) On days 0 and 14, C57BL/6J mice (*n* = 3) were immunized i.m. with SV and adjuvant. Antigen-specific total IgG, IgG1 and IgG2c titers, and total IgE in sera at days 14 and 28 were measured by ELISA. Mice in control (Ctl) group were administered saline. (e-g) On day 28, splenocytes were prepared from mice immunized with 15 μg SV and adjuvant, and stimulated with MHC class I or II epitope peptides of nucleoprotein. After stimulation, IFN-γ, IL-13 and IL-17 in supernatants were measured by ELISA. Results are representatives of three separate experiments. Median and SEM are shown for each group. Statistical significances are indicated, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, ^†^*P* \< 0.05, ^†††^*P* \< 0.001 by Dunnett\'s Multiple comparison test.](gr1){#f0005}

![Advax induces Th1 responses when combined with Th1-type antigen. (a--d) on days 0 and 14, C57BL/6J mice (*n* = 3) were immunized i.m. with WV and adjuvant. 15 μg of SV was immunized with alum on day 0 and 14. Antigen-specific total IgG, IgG1 and IgG2c titres, and total IgE in sera at days 14 and 28 were measured by ELISA. (e--g) On day 28, splenocytes were prepared from mice immunized with 15 μg WV and adjuvant, and stimulated with MHC class I or II specific peptides from nucleoprotein. After stimulation, IFN-γ, IL-13 and IL-17 in supernatants were measured by ELISA. Results are representative of three separate experiments. Median and SEM are shown for each group. Statistical significances are indicated, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, ^†^*P* \< 0.05 by Dunnett\'s Multiple comparison test.](gr2){#f0010}

![Advax does not enhance antibody responses to OVA, a Th0-type antigen or to WV in *Tlr7*^−/−^ mice. (a) C57BL/6J mice (*n* = 4 or 5) or (b) *Tlr7*^−/−^ mice (*n* = 5) were i.m. immunized twice (day 0 and 14) with 100 μg OVA and adjuvant, or 1.5 μg WV alone or together with adjuvant, respectively. Antigen-specific total IgG titers in sera at days 14 and 28 were measured by ELISA. Results are representative of two or three separate experiments. Median and SEM are shown for each group. Statistical significances are indicated, \**P* \< 0.05, \*\**P* \< 0.01 by Dunnett\'s Multiple comparison test or student *t*-test.](gr3){#f0015}

![Advax activates DCs *in vivo* but not *in vitro*. (a--c) Bone marrow-derived DCs were stimulated with 1 mg/mL alum, 1 mg/mL Advax or 50 ng/mL LPS for 24 h *in vitro*, and then the expression of CD40 on pDCs was evaluated. (d--f) C57BL/6J mice were injected with 0.67 mg alum, 1 mg Advax or 50 ng LPS at the base of the tail. Twenty-four hours after injection, the inguinal lymph nodes were collected, treated with DNase I and collagenase. Then, the cells were stained and the expression of CD40 on pDCs was analyzed by FACS. Results are representative of three separate experiments.](gr4){#f0020}

![Macrophages are required for Advax\'s adjuvant effect. Two-photon microscopy analysis of lymph nodes (a--c) 1 h and (d--f) 24 h after i.d. administration of Brilliant Violet 421-labeled Advax delta inulin particles. CD169^+^ and MARCO^+^ macrophages were stained by i.d. injection of anti-CD169-FITC and anti-MARCO-phycoerythrin antibodies 30 min before Advax administration. The pictures were taken by FV1000MPE (Olympus) with 25 × lens (XLPLN25XWMP; Olympus). Scale bar indicates 100 μm. (a, d) Blue indicates Advax, (b, e) green indicates CD169^+^ macrophages and (c, f) red indicates MARCO^+^ macrophages. (g, h) Phagocytic cells in lymph nodes were depleted by clodronate liposome injection at the indicated days (-d2 and -d7), and then WV plus Advax was i.d. immunized at d0. Antigen-specific total IgG or IgG2c titers in sera at days 14 and 28 were measured by ELISA. Results are representative of three separate experiments. Median and SEM are shown for each group. Statistical significances are indicated, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 by Student\'s *t*-test.](gr5){#f0025}

![Advax alters gene expression of IL-1β, CLRs and TNF-α signaling pathways. Whole organ (lung; LG, liver; LV, spleen; SP, kidney; KD, lymph node; LN) transcriptome of 6 h after Advax administration (i.d. or i.p.) alone was obtained by Affimetrix GeneChip (*n* = 3). (a) Only selected gene probes (FC \> 2 and PA = 1) are displayed. (b) Advax-responding cell population analysis was performed (see Materials & Methods; cell population analysis). The left hemispheres of the figure denote the ten immune cell types and right hemispheres denote the samples. The ribbons in the inner circle denote the cell type score of each sample. The colors in the middle layer rings represent either cell types or samples. The outermost ring denotes the percentage of total contribution for every factor (cell type or samples) viewed from their counterpart factor. For example in *SP*.*ip*, neutrophils constitute around 30% of the cell population. (c) IPA upstream regulator analysis of Advax-induced genes in the SP was performed. (see Materials & Methods; upstream regulator analysis in IPA). FC: Fold Change, PA: Presence and Absence. (see Materials & Methods; microarray analysis).](gr6){#f0030}

![TNF-α is required for the adjuvant effect of Advax. (a) Peritoneal macrophages were stimulated with Advax or alum for 8 h and TNF-α in supernatants was measured by ELISA. (b) One hour after i.p. injection of 1 mg Advax or 0.67 mg alum, sera and peritoneal lavage fluids were collected and TNF-α levels in the sera and fluids were measured by ELISA. (c--e) On days 0 and 14, *heterozygous* or *Tnf*^−/−^ mice (*n* = 5) were immunized i.m. with 1.5 μg WV and adjuvant. Antigen-specific total IgG, IgG1 and IgG2c titers in sera at days 14 and 28 were measured by ELISA. Results are representative of two separate experiments. Median and SEM are shown for each group. Statistical significances are indicated, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 by Dunnett\'s Multiple comparison test or Student\'s *t*-test.](gr7){#f0035}
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